ABSTRACT Acoustic wave (AW) filters for next-generation wireless communication systems are designed to prevent signal interference and to be as small as possible. Using a pole-zero extraction method with a ladder-type AW filter, this paper proposes an algorithm to optimize the parameters for each AW resonator. The pole-zero positions of the equivalent circuit model are aligned with those of a Chebyshev or elliptic filter in the s-domain in order to give a frequency response that satisfies the system requirements in terms of insertion loss, out-band attenuation, and selectivity. The optimized parameters produce a system that has the minimum number of resonators to fulfill the filter performance specifications, with reduced manufacturing cost, which occupies a smaller area. Finally, the system is validated using a simulation with a LTE Band3 Rx elliptic filter and the parameters for an equivalent modified Butterworth-Van Dyke model (mBVD) for each resonator.
I. INTRODUCTION
Analog filters are increasingly finding applications in radio frequency front end modules, mobile phones and global positioning systems (GPS) and their manufacture is realizing higher profit. Filters must feature low insertion loss, high selectivity and a compact size [1] . Acoustic wave (AW) filters are synthesized using surface acoustic wave (SAW) or bulk acoustic wave (BAW) resonators [2] - [4] . This study proposes method to synthesize an AW filter.
To account for the physical behavior of AW resonators, a modified Butterworth-Van Dyke (mBVD) model is used as the equivalent circuit model [5] . The model consists of a standard series inductor-capacitor loss resonator, a capacitor in parallel and an electrode that functions as a resistor, as shown in Fig.1 . The calculated input impedance is used to calculate the main features, such as the resonant frequency f s , the antiresonate frequency f p , and the electromechanical coupling coefficient, k 2 t , for an AW resonator [5] . Previous studies [6] - [11] use a ladder-type network with in-line topology to synthesize an AW filter, as shown in Fig.2 . The resonant frequency of the series resonator and the anti-resonant frequency of a shunt resonator are around
The associate editor coordinating the review of this manuscript and approving it for publication was Yongle Wu. a center frequency, which forms the pass-band response. The design challenge is to use the least number of AW resonators for a filter design that satisfies specific requirements, including insertion loss, stop-band attenuation and frequency selectivity.
A Chebyshev/elliptic filter can be synthesized using classical RLC resonators to produce a specific performance [12] . The coefficients of the polynomials in the numerator and denominator of the transfer function are obtained using the corresponding generalized filter functions [13] . The roots of the numerator and denominator are solved to give the poles and zeros in the complex plane. Using the pole-zero distribution, the frequency response for the filter is estimated and synthesized.
However, there are two additional issues for the design of an AW filter: the circuit topology must have the least number of resonators and the characteristics of each AW resonator must be accommodated. The classical filter theorem dictates the use of a topology that is a ladder-type network to design the AW filters. Using an optimization algorithm, the characteristics of each AW resonator are described using the mBVD model.
The remainder of this paper is organized as follows. The ideal pole-zero positions that generate a specific performance are described in section II. A method to derive a pole-zero map for a ladder type circuit is described in section III, including the derivation of the input impedance for an AW resonator and the rational form of the transmission coefficient S 21 . Section IV describes the optimization algorithm, including the definition of the cost function for optimization and the procedure for designing a ladder-type AW filter. The simulation results and validation are detailed in section V. Finally, conclusions are drawn in section VI.
II. POLE-ZERO MAP FOR BANDPASS FILTERS
The pole-zero map shows the positions of poles and zeros for a Chebyshev or elliptic filter band-pass in the s-domain. These positions form the target that the poles and zeros of the ladder-type filter must approximate. The poles and zeros are usually calculated using a prototype low-pass Chebyshev/elliptic filter. The pole-zero map is then be obtained from the low-pass-to-band-pass transformation:
where and s are the respective variables in the s-plane for a low-pass filter prototype and a band-pass filter, ω 0 and BW are the center frequency and bandwidth for the band-pass filters, respectively, and α is the inverse of the relative bandwidth. The transfer function for a corresponding response is determined in terms of the system requirements. The pole-zero map for the prototype filter is obtained by solving the roots of the transfer function. The pole-zero map is calculated using (1) . For example, the pole-zero map in upper half s-plane for a 6-order elliptic filter with 45dB attenuation in the stop-band and 0.1dB insertion loss ripple in the pass-band is shown in Fig. 3 .
III. EXTRACTION OF POLES AND ZEROS FOR A LADDER-TYPE AW FILTER
For an AW filter all poles and zeros for the entire circuit topology must be extracted. Given the general rational form of the input impedance from the equivalent circuit, mBVD model, the ABCD matrices are derived for AW resonators in series and shunt connections. These are individually multiplied and then converted to S-parameters. The transmission coefficient S 21 is selected and the roots of its denominator and numerator are respectively solved to obtain the poles and zeros.
A. IMPEDANCE RESPONSE OF AN AW RESONATOR
Using the Laplace transform of the mBVD model, the input impedance for an AW resonator is derived as:
where a, b, c, d, e, f , and g are related to the circuit parameters for the mBVD model in Fig.1 as:
B. S-PARAMETER FOR A LADDER-TYPE AW FILTER
The topology of an n-stage ladder-type filter is shown in Fig. 2 . Each stage consists of a series AW resonator and a shunt AW resonator. Using microwave engineering theory [14] , the series and shunt resonators are represented as ABCD matrices:
Given the ABCD matrix of each series and shunt resonator, the ABCD matrix of a ladder-type AW filter is written as:
where 2n is the number of resonators. The desired S 21 for the filter is obtained from the ABCD matrix as:
where Z 0 is the characteristic impedance of the input and output transmission line. Substituting the circuit parameters for each AW resonator into (6) and using the Matlab numerical methods, numden and sym2poly, to sort the constants into a rational form, S 21 can be written as:
Therefore, using the operation in complex variables, the roots of the denominator and numerator of S 21 are respectively used to determine the poles and zeros in the s-plane.
Note that the maximum number of zeros and poles in (7) is 5n + 1 for a lossy ladder-type AW filter with 2n resonators. However, in terms of the features of each zero and pole, (7) can be divided into three parts as:
where, p a and p b are real constants that correspond to poles that lie on the negative real axis, f s and g s are positive numbers that are inversely proportional to the quality factor for the AW filters Q and the remainder correspond to complex pairs of zeros and poles for the in-band response, similarly to Fig.3 . In the following discussion, the complex zero and pole pairs dominate the frequency response so only these are optimized.
IV. OPTIMIZATION ALGORITHM
The goal is to relocate the poles and zeros of the ladder-type AW filter to so that they match the target pole-zero map that is described in section II. To reach the goal, the first part is to define a suitable cost function, in order to estimate the accuracy of the variable set. The second part is the optimization procedure is then used to determine the variables set that best matches the desired pole-zero map.
A. COST FUNCTION AND ITS VARIABLES
Suitable cost functions must be defined and the number of variables must be reduced for the optimization. Based on the physical meaning of mBVD circuit models, the poles s = jω p,se of the series AW resonators that correspond to the anti-resonance are the zeros for the ladder-type AW filter and the zeros s = jω s,sh for the shunt AW resonators that correspond to the resonance are also the zeros for the laddertype AW filter. ω p,se and ω s,sh are fixed at the desired nulls for the ladder-type AW filter to significantly reduce the number of variables for the cost function. The resonant frequency ω s,se of the series AW resonator and the anti-resonant frequency ω p,sh of the shunt AW resonator are close to the normalized frequency so that the poles of the AW filters can approach the target pole-zero map. The conditions are:
Condition_1
Note that during the optimization process for the laddertype filter, it is not necessary the resistances in the mBVD model are ignored because they have little effect on the positions of poles and zeros. The effect of these resistors is considered only after optimization. It is worth noting that (8) reduces to a form for which the coefficients f j and g j are zero.
To optimize all of the inductance and capacitance parameters in the mBVD model, a new variable, characteristic series impedance for an AW filter, is defined as:
If the three circuit elements L m , C m , and C 0 of an mBVD model are decided, the three optimized variables ω s , ω p , and Z m can be determined, and vice versa. Typically, the circuit elements in each mBVD model have unique values: the poles of an AW filer are a function of these variables of the constituent mBVD models,
Note that ω p,se and ω s,sh are determined from the fixed nulls of the filter. The variables Z m , ω s,se , and ω p,sh for these resonators determine the poles. Optimization involves defining the cost function as the root-mean-squares error (RMSE) between the desired poles and the poles of the ladder-type AW filter, divided by the bandwidth, i.e.,
Therefore, the cost function can be used to indirectly estimate the accuracy of the parameters in each mBVD model to synthesize a ladder-type AW filter. Figure 4 shows a flow chart for the optimization algorithm. Initially, for a specific performance requirement, the target pole-zero map in the s-domain, as mentioned in Section II, is determined. For the specific performance requirements and ordering resonators according to decreasing values of k 2 t , condition_1 is fulfilled so the nulls are fulfilled. Therefore, the variables can be simplified to
B. FLOW CHART FOR OPTIMIZATION
It is necessary to optimize the characteristic series impedance Z m for each AW resonator, the resonant frequencies ω s,se for series resonators and the anti-resonant frequencies ω p,sh for shunt resonators. The initial guess for the optimization involves simply setting all Z m = Z 0 , the characteristic impedance of the transmission line and all ω s,se = ω p,sh = 1. The normalized frequency is determined according to condition_2.
The poles for the ladder-type AW filter are then derived to calculate the cost function for the variable set. If the cost value in (11) is large, a pattern search method [15] is used to search for a smaller value. This process is repeated until the cost value is smaller than the threshold, or approximately one-thousandth of the bandwidth.
For a practical design with a given center frequency f c , the optimized variables must be transformed into the assigned frequency. The circuit parameters for each mBVD model are derived as follows
Using this process, this algorithm determines the optimized parameters for a ladder-type AW filter with specific system requirements. 
V. SIMULATION RESULTS AND VALIDATION
The 3-stage ladder-type elliptic filter that is shown in Fig. 3 is designed to satisfy the system requirements for a LTE band3 Rx filter. The specifications are: center frequency 1842.1 MHz, relative bandwidth 4.07 % and out-of-band rejection greater than 45 dB. In the passband, the insertion loss IL must be less than 2.5 dB and the return loss, RL, must be greater than 10 dB. For this study, the quality factor, Q, for each AW resonator is assumed to be 1500. For the validation, the filter performance for the design is simulated using the Agilent Advanced Design System (ADS).
A. SIMULATION RESULTS
The pole-zero map that satisfies these specifications is determined in section II and the variables are defined in section IV. Using the proposed optimization algorithm, the normalized frequency variables for each BVD model for the 3-stage ladder-type filter are derived. The results are listed in Table 1 . The convergence graph is shown in Fig. 5 . It is seen that 700 iterations are required to reduce the cost value below the threshold. The frequency response for the filter is shown in Fig. 6 . The blue and red lines respectively represent the transmission and reflection coefficients. These are in good agreement with the ideal result, which is shown as a dashed line and which represents the target response that fulfills the system requirements for the desired pole-zero maps. In order to determine the effect of a finite resistance in a practical AW filter, the quality factor for an AW filter is used. Figure 7 shows a comparison of the transmission coefficients for different quality factors for mBVD models. Typically, the quality factor for an AW resonator is more than 1500 [16] so a ladder-type AW filter with satisfactory performance can be designed after transforming to the center frequency of the band3 Rx filter.
B. VALIDATION
Using the optimized variables, the circuit parameters of each BVD model for specific center frequency are calculated using (13)- (15) . These parameters and electromechanical coupling coefficients, k 2 t , that are used to synthesize a band3 Rx filter are listed in Table 2 . The input impedance responses for each AW resonator are shown in Fig. 8 . For finite resistances due to the quality factor, Q = 1500, the validated frequency responses for the results are shown in Fig. 9 . in terms of insertion loss, return loss in the pass-band and an out-band attenuation of at least 45 dB.
Two properties that are also vital for communication systems are the phase and group delay. A plot of the phase of S 11 versus frequency is shown in Fig. 10 . There is a small variation in the out band, which shows that the reflected signal has little effect on the filtered signals in other arms. The group delay for S 21 is shown in Fig. 11 and it is seen that the filtered signal has a small time delay and remains almost undistorted.
VI. CONCLUSION
This study proposes a method to synthesize Chebyshev or elliptic performance using a ladder-type AW filter that contains a minimum number of resonators. The method fixes the filter nulls and uses an optimization algorithm to match the poles with the target positions. The design procedure is shown in a flow chart and the results are validated using circuit simulations.
The method is used to design a 3-stage band3 Rx laddertype filter. The mBVD parameters for each AW resonator are determined and the effect of the quality factor has been taken into consideration. The design produces a filter with an insertion loss of less than 2.5 dB, out-band attenuation greater than 45 dB, high pass band selectivity and low group delay. 
